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Abstract—We present a room electromagnetics based theory which
primarily models the Diffuse Multipath Components (DMC) power
density with a simple circuit model, and afterwards includes the
Line-Of-Sight (LOS) component to predict the total exposure in a
realistic environment. Given a human absorption cross section (AS)
and its location from a transmitter (Tx), the whole-body absorption
rate (SAR,;) can be determined by the proposed circuit model for
Ultra Wide Band (UWB) and Wireless Local Area Network (WLAN)
systems. The SAR; in humans in a realistic office environment for
both UWB and WLAN systems is investigated as part of application.
The theory is simulated with the Advanced Design System (ADS
software, and excellent agreement between theoretical and sitated
values are obtained in terms of relative errors &2%). The model
may be very useful for SAR,; prediction in realistic complex indoor
environments.

)

Keywords: room electromagnetics, Diffuse Multipath Components
whole-body absorption rate, Line-Of-sight, realistic indoor enviran-
ments, diffuse scattering coefficient, lambertian diffusion, UltraWide
Band.

I. INTRODUCTION

The propagation phenomena are very complex in a realistican
environment, therefore realistic assumptions are neewlddtermine

in a simpler and efficient manner the human exposure due to t
EMW in such places.

Recently [4] addressed the diffusion issue in a single room a
highlighted an interesting parameter, i.e., the revethmratime,
which describes completely the diffusion behavior. Adiyathe
reverberation time is the decay rate of the diffuse field inoenc
pletely diffuse field, and [4] shows that the reverberationet is
only dependent on the room dimensions and the surfacess(wa
ceiling, floor, ...) absorption properties. The relatedotige has
been named by the authomsom electromagneticsAlthough some
specular components may exist in an indoor environmentrdbm
electromagnetics theory focuses on the diffusion effessuming
only one specular component, typically the Line-Of-SighOS§)
component - when it exists - in the channel response, theinelera
is assumed to be part of the diffuse multipath components GpM
This assumption certainly occurs in realistic environreesince it
has been shown - through measurements - that the DMC pow

osT of people nowadays spend their time in the indoadensity may represent 95% of the total power involved in déista
environments. Wireless Local Area Networks (WLAN) sysindoor environment [5], [6].
tems are continuously used in such places, and Ultra Wideal Barhis paper aims to introduce a new electrical circuit modeddal on

(UWB) systems are gaining importance. The human exposutegeto
electromagnetic fields (EMF) in the indoor environmentsefare

the room electromagnetics theory [4], [7]. The principldgted model
is shown in Fig. 1 where a room and a transmitter charadtegist

is of main importance. To faithfully address the human expes plus a person location are given as inputs, and the exposure
the underlying propagation phenomena must be well undmtstad terms of the power density, hence the SARs given as the output.
simplified for convenient reasons. The main propagationhaeisms The transmitter characteristics o(PA) and the person separation

in the indoor environments have been investigated in [1]eneht
turns out that most of the interactions wave-object occtwvéen the
furnishings on the floor (desk, cardboards, machines,)etmd pos-
sibly the devices fixed on the ceiling. The specular reflestimainly
occur in that region. Besides the specular reflectionstadiffon of
the electromagnetic waves (EMW) occurs at corners. The \aalis
the large surfaces clearly cause specular reflections, umitta the
irregularities at the wall surfaces and inside, the impiggEMW
is converted into one reflected specular component plus taicer
number of scattering reflections. Physically, the scattewaves are
the ones having a different angle of departure from the reftec
specular wave. The multiple diffractions and scatteringhe EMW
eventually lead to a diffuse field in an indoor environment.

The diffusion phenomena in a building floor was investigaiied
[2], [3]. [2] has shown that the diffusion model is governeg @
differential equation of the first order, which solution @neprised of
exponential terms. Later, [3] developed a statisticallyduhdiffusion
model via the stochastic properties of the diffusion phemaanin
the indoor environments. Although these models predicekéxatly
the diffusion behavior in the indoor environments, they uies
several parameters which may be difficult to obtain in pcacti

Room and source
characteristics + person
location

(T, Poy A, do)
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Circuit
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Fig. 1. Principle of the circuit model

(do) from the transmitter are supposed to be known. Given a roo
dimensions, a simpler method to determine the reverberdime

in a realistic environment without the need of carrying oay a
measurements or simulations is presented. The theory plsites
to the adjacent rooms case and we showed an application of f
circuit model in a realistic office environment. The stréngif
the method lies in its simplicity because it does not reqaing
simulation of the entire room in a software, which would beyve
time and memory consuming - as far as the room dimensiol

increase - because of the difficulties of modeling the roeghkrof
the surfaces. The novelty of the proposed method réliesthe use
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. . . E
of a room dimensions to determine the exposure of a persatedc w

inside andii) the translation of the room electromagnetics theory
: - : : . r.R,
into a circuit model enabling fast assessment of indoor ggapon

Energy evolution for narrow

and human absorption rate. The paper is organized as follines band systems (WLAN)
model as well as the main concepts in analogy with the room Auwe-F Maximum enrgy fo
systems

electromagnetics theory are highlighted in Section Il. pheposed
circuit model elements are also determined. In Sectionhd SAR,;
is obtained using the exposure calculation from the cirouiidel.

Energy evolution for ultra

An application of the theory in a realistic office environmés wide band systems (UWB)

given in Section IV. Furthermore, the theory is simulatetbtigh } fa :
electronic circuit simulating software. Finally, condluss are drawn ATV Dan Time (9
in Section V.

Fig. 2. Energy evolution for ultra-wide-band (UWB) and navfband (WLAN)
Il. MODEL systems in room electromagnetics

A. Overview of room electromagnetics

_ Basically the room electromagnetics theory addressesré®ga- yp to a maximum value, i.eAP,. As soon as the source is off
tion in the indoor environments and considers only two pgapan ;> A,y ) the energy decreases exponentially from its peak valt
components: the LOS component and the DMC, as shown in Figiodyards 0 with the reverberation time being the dampingofadthe

of [7]. Although there may exist some specular reflectionghia energy density for a small pulsd (UWB systems) in a room is
environment, the room electromagnetics considers themadsop ptained from @):

the DMC. The theory was introduced in [4] in analogy with thellw —_— .

established theory abom acousticg8]. Wa(t) = POV(€7 — e~ (5)
Let P(t) be the transmitted pulse in a room. The room elecigat- , i . ) '
ics theory states that P(t) is balanced by the decrease @iy The resulting total power density frorg in a complete diffuse field
per second in the room and by the increase of the losses atatte wW° expressed as follows [7]:

as follows [4]:

Py _tw
Lafto) = e~ ©)
piy=vI | condy, ) L

h hdt 4 | h " where B is the transmitted signal.
where V WF]@’ n and ﬁ‘ alrer: N rloom Vo urr]nef, the remaining ENer9%egarding WLAN systems wherk is much more larger, the energy
density in the room, the light velocity in the free space, fiiagtion grows from O towards a steady state, whose valueHs. Further

of energy absorbed by the surfaces (walls, floor, ceiling)eand  yeiaiis ahout the room electromagnetics theory can be faupd,
the total area absorbing electromagnetic radiation, sedy. [7]

The general solution of (1) is a convolution integral:

1 [ . B. Model for incident power density for Ultra Wide Band (UWB)
Wy(t) = V/ P(t—t)e =dt’ (2) systems
0 In general the reverberation time in a room is of the order of
where W(t) is the energy density in the room in Watt.8/andr is  few tens of nanoseconds and the pulse duration of the UWBragste
the reverberation time of the room. The reverberation tirepetids is on|y a few nanoseconds (even picoseconds)_ The preg‘emtci
only on the room characteristic, actually it is the decag matthe model theory is developed in analogy with [7], where the uiéf

DMC power in the room and is defined as follows [4]: power density has been investigated. It has been assumdutin t
AV study that the pulse duration is much lower than the revatlmer
T= conA () time. The theory developed in this part is therefore onlyidvédbr

the UWB systems.
1) Model for the incident power density in the same rodoet
us establish the equation governing the voltages in Fig. 3.

In a complete diffuse field, the power density is directiotependent
- rays come from all the directions - the energy density ardthwer
density are therefore related by:

dU(t)
Wa(t) = 47r£7 @) E(t)=U(t) + RC 7 @
0 where E(t), U(t), R and C are the source voltage, the voltage o
where | is the power density in Watt/m the capacity, the resistor, and the capacity. This difféaerquation
We will now distinguish between two cases: describes the charge (resp. discharge) of the capacitahea the
1) the active duration of the transmitted signal)(is much source is on (resp. off).
smaller than the reverberation time of the room, which cofhe solution of (7) is given by:
responds to the UWB system cask €< 7) 1 oo v
2) the active duration of the transmitted signal is largeanth Ut) = ﬁ/ E(t —t)e wodt (8)
the reverberation timeX >> 7), which corresponds to the 0
WLAN systems case. As the pulse signal is transmitted in the room during a petiime

4, we also assume that the circuit model is fed with E(t) dutimey
same/, and is defined as follows:

E if 0<t<A

0 otherwise

The active duration\ is the time period during which the transmitte
pulse is different from zero, i.e., P(t)gPThe energy evolution of the
two systems is different and is shown in Fig. 2. From Q¥pw g

(as long as the source is on) the energy of UWB systems evolves E(t) =



I(t) in the capacitance as follows:

R 1
_ % L g2
‘&NV' I(t) = = X 2VOU (t)
Co 9 _ 2t
= CU, RC
£ () C L
T U(t) The total power densityd from t, on is the total energy density
from ty divided by the time duration:
1 o0
Inta) = 5 [ 10y (12)
Fig. 3. Circuit model equivalent to room electromagneticothe A to

where t is the arrival delay of the first DMC.
Taking (11) into account, a solution of (12) is:

TcoC
In(to) = 87TZV ge

The total power density can be rewritten by:

to
-

TcgC

Taking the A << 7 assumption (UWB systems) into account, Ip(to) = 87rAVU2(tO) (13)
equation (8) leads then to: 2
0Py a _to
U(t) = E(eft —1)e we, t>A N (14)
= er*ﬁ, t>A Note that in (13) the power density is expressed as a funafon

the voltage over the capacity. Moreover, (14) proves thatpbwer
U(t) looks like the classical expression of the voltage logsge in a density |, in the circuit model is independent of the voltagg,
capacitance C with its initial voltage being, U hence E(t). It actually depends on the room characterigticand

Uy = E(e% —1) (9) T) anq on the source characteristid?o (and A). _ _

The diffuse power density has been earlier addressed irsflinaing
Actually, Uy is the voltage in the capacitance just after turning th®at the time period\ is much smaller compared to the reverberatiot
source E(t) off. Assume that the total energy in the room can time . Since the same assumption is made in this paper, let us n
stored in the capacitance C, the energy density (in Wath)simthe calculate the power density expression in the circuit modeén
room can be expressed as a function of the room volume and @e—> 0 (i.e., A << 7) for comparison purpose.

capacitance energy as follows: 9
T CQPO A to

Wy(t) = %CUQ(t) X %, t>A élglo Ip(to) élglo 4T AV (e De
C 5 _2 _ TCopoe_tTU

:W 0€ RO, tZA (10) AV
By comparing the energy density in the circuit model i.eQ)(&nd = ie*% (15)
in the room electromagnetics theory i.e., (5) and assunfiagsame ™A
decay rate, the following relations are derived: which is the same expression as in (6).

RC The distance from a transmitter can be easily measuredrrttae

- =T (11) the arrival time of an EMW, the power density is thereforeregped

2 as a function of the distance. For this purpose, let us asshiat¢he
=—2»0 first DMC has the same arrival time as the LOS component. Th
Po(em —1) hypothesis is inforced by the fact that the room electroretiga

theory assumes that the power delay profile (PDP) is conpise
only the LOS component, the remainder being the DMC (meanir
that the DMC starts just after the LOS component), see Fid.[Z]o
Given a certain separatiafy from the transmitter, the total power
ansiw in the circuit model is:

The dimension of R is correct‘:,v"—(; = 2 (Ohm). By choosing a
value of Uy and knowingP,, A andr, the value of R can be easily
computed. It is further demonstrated that the power densithe
circuit is independent of its input voltage, justifying teby any
choice of U, and hence E(t). Once R is calculated, we use (11)

H B . 2 P d
determine the value of the capacitance: In(do) = T2co Py (e% B 1)6_COOT (16)
IN AT AV
Po(e T — 1)
Us 2) Theory extended to adjacent rooniEhe room electromagnet-
The dimension of C is also correct; = F' (Farad). ics theory applied to an adjacent room is addressed in [18.rMain
The total power densityd(dy) at a location in the room is now ideas are recalled below.
calculated. Let a receiver be located in a roongRand a transmitter be located

Assuming a lambertian scattering of the EMW on the surfadée - in the adjacent room R,. P(t) = R is the transmitted power in
EMW are scattered in all the directions independently oraits/al the adjacent room, and? is the transmission factor of the wall
angle - as in [9], the scattering process ends up in a comgifise separating both room&€omplete diffuse fields are assumed in bott
fields. The power density intensity being direction-indggent in a rooms in such a way that the power density is direction-iedeient,
complete diffuse field, we use (4) to determine the power idensi.e., I(0,¢) = I. The room R, is fed by two sources:



e P.(t): which is the received LOS power from the room-R R
In fact, B. is the transmitted LOS power P(t) scaled with the a

wall transmission factor and corrected with the losses due t ‘&NV'

the free space loss from the transmitter to the wall separati
both rooms. + e
EQ) () -~ Ca

e P...,: Which is the power induced by the diffuse energy u(t) ]
exchanged from room R, to room Ry, through the surface S
between the rooms.
The received powers in the roomgR are balanced as follows: Fig. 4. Circuit model equivalent to room electromagnetic®tihidor adjacent rooms
dWg, A
Pr + Pewch = VRuLTRbC + “ 4Rz WR(L‘ (17)
where Vi, Wi, and A, are the volume of room R, (in m?), case, the power density expression for adjacent rooms iyfina
itv i i TaCoCly
the energy denglty in the roomzR (Watt.s/n?) and the effective Ip.alto) = 0 U2 (to) (22)
absorbing area in the room fn STAVRy
The power exchanged from the room Rto the room R, is related B T2¢o P, 2 e
to the energy density in the roomzR [10]: - 4TAVg, (7 —L)em
2 2
_ oS 7 do) — Ticy atPyS 2 ~ o 23
Pe;cch = TWR.L D,(l( 0) 47TAVR$ 47Td%«W (6 )6 0 ( )
The energy density is a solution of (17), and is given by: 3) Including the LOS component in the mod@he goal of the
1 [ ot circuit model is primarily to model the power density of théD.
Wra(t) = Vi /0 Pt —t)e” adt (18) However, in order to use this circuit model to address the dum

exposure, it should include the LOS component power derasty
well since the SAR, is induced by both sources. Note that the
human exposure is expressed in terms of the SAR in the rac

where 7, is the reverberation time in the roomzgR when the
transmitter is located in the room;R, and R.(t) is defined as:

Put) = P if 0<t<A frequency region [11]. Given an incident LOS plane wavepade/er
" 0 otherwise density at a certain distancg &:
Assume that the shortest distance from the transmitter éontll a?Py

I (24)

separating both rooms &y, and that a LOSlane waveimpinges

~ dnd2
on the wall S, the received LOS power in roongRis: 0

where |, o2, dy are the LOS component power density (in Watym

P, = Ogig the walls transmission factor (if there is any wall betweenahd
Amdiy, Rx) and the separation from the transmitter (in meter), eetyely.
The energy density in the roomgR is then (solution of (18)): For the same room scenarie? = 1 since there is no transmission
Pr A through the wall.
Whre(t) = —%(e7« —1)e" 7 Consider that the LOS power density illuminates a persoin it
VRa 2p g certain ACS,0s, the power absorbed by that person is:
o Ta Q70 TA _ ,i
Vi dmdiy (7= = 1)e (19) PRI% =1, x ACSLos
2
The reverberation times (transceivers in the same room) angd - Pg x ACSpos
(transceivers in adjacent rooms) are linked via the follgpformula Amdg
[10]: Since the voltage of the circuit model has not yet been set to
B T particular value, the peak voltage,Un the capacitance can be
Ta =17 . defined as follows:
Rx
= TSCOT U02 = Zo X Pa[Z)?S
o AVRa a2PO
In analogy to the theory developed for the same room, thauiitirc Uo =4/ Zo x 747rd(2) x ACSLos

model for adjacent rooms is shown in Fig. 4. The resistand,is . _ . .
and the capacitance is,CThus, comparing the energy density invhere % is the free-space impedance (). Since U is known,
the circuit model (10) and in the room electromagnetics th¢b9), the circuit model input voltage E(t) is determined with (9).

we derived the following relations: Finally, the LOS component power density in the circuit mode
given by:
Balo s, (20) Lo U
2 2 ZO X ACSLOS
Ardiy, U N ;
R, = X (21) which is only dependent on the capacitance peak voltage taad |

2 A
a®s Poer= —1) human body surface illuminated by the LOS plane wave. Trauiitir
Since R is computed from (21), the capacitance & computed model derived here determines the exposure (and afterwthels
from (20) with the knowledge of,. Likewise to the single room SAR,;) for only one person at one position. If different persorsdt



at different distances from the transmitter, differentgit models a circuit model.

are then needed. So in general, the SAMR different humans in Likewise, the energy density for the adjacent rooms caseusd
rooms will be predicted by a set of circuit models (Section.lV by integrating (18). Following the same procedure, thel tptaver
[12] has shown that the highest absorption rate occurs fanepl density is as follows:

waves incident to the front of the phantom, or person. Thele¢ho o

body absorption in terms of illuminated surface dependsliign Ip.a(to) = 47rVR:r Talr

the azimuth of the incident plane wave illuminating the parfl3], CoTs a2P,S

[14], on the plane wave polarization as well. Hence, the AGS = Ve S nd2 (28)
depends on the incident LOS component azimuth and poleneat N ™

but this issue is considered as part of another researchATBe o5 IIl. D ETERMINATION OF THE SAR,,, FROM THE EXPOSURE

is supposed to be a known parameter, which already takes gheExpression for ultra-wide-band systems

incident LOS plane wave directions and polarization intocamt. The power densities for both sources (DMC and LOS compojent

are known via the circuit model, the SARis then easily derived:
C. Model for incident power density for WLAN - narrow band -

systems & >> 7) SARwy = SARpymc + SARLos
1
Nowadays, the WLAN IEEE 802.11 standard systems are widely = E(ID x ACS + I, x ACSLos)
deployed in residential/office environments. For thesdesys, the 1 ( 7eC U
active duration of the transmitted signal) is of the order of a few = (87rZV ( )ACS + O) (29)

hundreds of microseconds [15] whereas the reverberatioait still
about a few tens of nanoseconds. The<< 7 assumption therefore where SAR,, and m are the whole—body specific absorption rate i
does not hold anymore and this case needs to be addresseslisthe Watt’/kg and the mass of the person in kg. For the adjacent soor
From the room electromagnetics point of view, the energysitign case,m and C have to be replaced by and G,, respectively.

evolution is still governed by (2) and (18) for the same roomd the
adjacent rooms, respectively. The active duration of thasmitted
pulse is several thousands times the reverberation tineeemiergy
density can therefore reach the steady state as statedreditie

B. Expression for narrow-band systems

The SAR,; is derived in a similar way as for the wide-band case
The expression is as follows:

energy density for the same room can be found by integratifg ( SAR., = SARpac + SARLos
from O to . P 1
Wd(t): TV0(1_6 i) (25) ZE(ID x ACS + Iy, XACSLOS)

Similarly to the UWB case, the power density for the narrowmeba (30)
systems is calculated with th® >> 7 assumption. Given the energyThe SAR,;, in the same and adjacent rooms are then given by tt
density in (25) and assuming complete diffuse fields, the ggowfollowing:

density is: L (corhy
o= 2w = L (42 ACS + £ ACS105)
(t) = 2 Wal®) SAR for the same room
C t wb
= CoTR(1—eF) = L (85 £B8 ACS + £ ACS 05

The signal is transmitted during, the total power density from,t for the adjacent rooms
on is then: where ¢ and @ are the shortest distance between the transmitt

A and the adjacent room, and the distance separating thertitsgrsto

Ip(to) = & ) I(t)dt ,  to <A the person, respectively.
(0]
t : IV. APPLICATION
= C—OTPO (1 ELUSTIES Te£> (26) . . N
47V A A A In the following section, we show how the circuit model can be

Because of the narrow-band assumptian &> 7), the two last USed in practice in a realistic environment.
terms of (26) tend towards O, so they are negligible. Comsige A. Determination of the reverberation time
a residential or an office environment with a maximum length
300 m leads to a maximum arrival delaydf about 1000 nsA is

of order of a few hundred of microseconds, the téfntan thereby
be neglected, leading to the final expression of the averagep
density:

0 Depending on the trade-off between the accuracy and the sil
plicity, the reverberation time can be numerically detereai using
the radiosity method [16], or by carrying out measuremefty, [
respectively. Our method aims to avoid the need of perfagmin
measurements or computations, which are both complicaigdirme

In(ty) = consuming. The reverberation time is rather determinedsimgler
4 V but practical way, using the effective roughness of theas@s$ and a
- o (27) lambertian diffusion model as in [9]. The effective rougbsi@assume

™A not only the roughness on the surfaces, but also inside theewell

Unlike to the UWB case, the total power density for the narrand established reverberation time expression in [4] is usecbtopute
system is independent on the distance from the transmiftgy i the reverberation time of the rooimas follows:
rather depends on the room and Tx characteristics. Sincéotak 4V;

power density exhibits no exponential decay, it is not medetith Ti = cond; 31)




wherer;, V;, n, and A are the reverberation time, the volume oHowever, (31) is only valid for small values gf[16]. When dealing
the room, the fraction of energy absorbed by the areas inabmr with highern, it is corrected by the following [8]:

and the total area taking part in the diffusion, respedgtivel 2

The main challenge resides in the determination of the iraabf ne = —log(1 —n) = (1 + % log(1 —n)) (33)
energyn absorbed by the areas (the walls, the floor and the ceiling).

Let us suppose the fo”owing assumptions: where Ne is the Correctedn, and ’}/2 is a parameter taklng into

fisccount the relative dimensions of the room. Actually itis telative
vdriance of the path length distributions in a room, theegponding
values can be found in [8].

« 71 is supposed to be uniform for all the absorbing areas (wal
ceiling, floor), i.e., it can be seen as an averageln the
diffuse scattering literature (4} is assimilated to the diffuse
scattering coefficient, which is the ratio of the incidentveva
being scattering. B. Configuration

« the surfaces of the walls, the ceiling, and the floor are assum
to be Lambertian (i.e., the pattern of the scattered rays isThe configuration of the Fig. 5 is considered. In the follogvin
independent of the incident EMW direction) and perfectlgections, the SAR, in the persons indicated in Fig. 5 ag; ppi2,
diffuse. p21 and [ is investigated via the circuit model. The notatiop) p

The propagation phenomena resulting from the interactibraro designates the person numben the room number. A transmitter
incident plane wave and a rough surface are assumed to bertiamb

scattering. The Lambert's law approximates well the reflece of ﬁ% —————— T
some surfaces such as the flat paints [17], hence the law is q e i

suitable for the indoor environments. According to the Lantb
law, the bidirectional reflectance of a perfectly diffuseface is
[17]:

Room 2

r(6;) = . cos(6;)

™

where r,, and §; are the bidirectional reflectance, and the ang
between the incident plane wave and the normal of the surfa

Room 1

e @P21
respectively. The reflectance is defined in [17] as the foactf 1
the incident light scattered diffusely into many direcBoby a NI i
geometrically complex medium. The terhi-directional refers to —ﬂ
(one emerging wave). Actually, we are interested in thectiivaal-
hemispherical reflectance since the source is a LOS companen
the diffuse waves emerge in the whole upper half-space of 1
directional-hemispherical reflectance is called scattegoefficient : —HQPTX
elsewhere in the literature. The actual expression of thectional-
hemispherical reflectance is complex because it involvesptiop-
is very difficult - if not impossible - to obtain in practice.eBause
of the lack of informations about these particles, the dioeal-
hemispheral reflectancé® < p < 1) is determined by integrating

the orientation of the source (one incident wave) and theatiet
7!
W2
@),
surface (rays emerge from all directions in a diffuse sdehafhe
erties of the particles forming the surfaces [17] and insidkich
the bidirectional reflectance over the half upper space ks

=

Fig. 5. Ground plan of the investigated rooms with peopletioca

1 [ [z ) Tx is located in the roonRoom1(R1) which contains 2 persons;p
P=ox =0 /95_0 r1(0:)sin(0s)dbsdip (32) and p». The adjacent roomRoom1(R2) andRoom3(R3) contain
— 1. (6;) also 2 personssp and g, respectively. The surface of the walls
separatingRoomiRoom2and RoomtRoom3are §,=28.30 n? and
whered; is the angle between the normal to the surface and a give=18.00 n?, respectively. Once more,; Sdesignates the surface
scattering ray, ancg is the azimuthal angle. of the wall separating the room and the roomj. Because the
The incident source is a LOS plane wave perpendicular to ihe ssmooth glasses do not diffuse the electromagnetic waveglésses
faces ¢;=0), therefore the calculation of (32) leadstte= 2=0.318. have not been accounted in the absorbing area computatim. T
Note that using a directive scattering pattern instead a@ingbertian transmitter is located at;Gy2=4.7 m and ¢y 5=5.65 m from the
model, [18] has found that a scattering coefficient of 0.hslbest wall S, and S3, respectively. The distancerg; is the shortest
value for an office environment. Moreover, [9] used a lamilert distance between the transmitter and the rd®mUsing the room
model and found a scattering coefficient of 0.316. Regartiiege dimensions and the equations (33), (31) the reverberaiina of
values, the scattering coefficient determined here agrééss the 32.06 ns, 31.33 ns and 20.13 ns are obtained for the rooms R1, |
values in the literature. and R3, respectively. The rooms characteristics and trexlvevation
The fraction of the diffuse energy absorbed by the surfadeixe: time values are summarized in Table I. The relative dimerssire
L defines as (%:ﬁfgﬁ’;), where the result of each ratio is rounded
= P to the nearest integer between the following set of integers 1,
= 0.68 2, 5 and 10 defined in [8].




Room relative 72 Ne \Volume| Area | 7
dimensions (m?) (m2) | (ns)
R1 1:2:5 0.403 | 0.4455 300 280 | 32.06
R2 1:2:5 0.403 | 0.4455 245 234 | 31.33
R3 1:1:2 0.356 | 0.4513 63.10 | 92.60| 20.13
TABLE |

CHARACTERISTICS OF THE THREE INVESTIGATED ROOMS

C. Determination of the circuit model elements for UWB syste

here is the fact that the diffuse fields contribution is acted for -
through a circuit model - to assess the SARIt turns out that the
contribution of the diffuse power density, I(for all the investigated
scenarios) can not be neglected compared to the LOS powsitylen
.

2) Whole-body SAR from the circuit model simulatidrhe Ad-
vanced Design System (ADS) [20] is used to simulate the itircu
model. The circuit model of Fig. 3 is used to emulate the eMpos
of the configuration shown in Fig. 5. Because the R and C valu
are now known, (9) is used to computed the actual value of tt
voltage E feeding the source for each circuit model. As noeueil

Consider a UWB system operating at 2.5 GHz within a bandy Section II-B, the source is turned off after 1 ns since tbevgr

width of 1 GHz. The EIRP (Effective Isotropically Radiatedvi®er)

is transmitted during 1 ns in the room R1. The circuit modebioé

level limitations for the UWB systems has been issued by tiperson (p;) is displayed in Fig. 6. The voltage in a capacitance i

US frequency regulator (Federal Communications Commigskeor

the indoor communications, a power spectral density of aabou

51.30 dBm/MHz sets the transmissions level for commurooati

between 2 and 3 GHz [19]. A 1 GHz bandwidth leads then to an

EIRP of 7.40 mW and an active pulse duratianof 1 ns. For each
exposed person, the elements to determine are the ressRrtbe

capacitance C and the peak voltaggibl the capacitance. The input

voltage of the circuit model is expressed as a function ofpeson

ACS. A typical value of 0.35 - based on measurements on real

humans - is chosen as the AGS(in diffuse field) value, which in
turn leads to an ACSs of 0.175 n# for a frontal LOS plane wave
illumination at 2.3 GHz [10]. The penetration loss of the Wa@ldB)
is accounted for the adjacent rooms elements computataisie Tl
lists the resulting equivalent circuit elements for thefaguration of
Fig. 5 and the UWB specifications.

Person | distance| voltage resistance capacitanger or 7,
(m) Uy in | R() C (nF) (ns)
(mVv)
pll (R1)| 3 66 18.58 3.45 32.06
pl2 (R1)| 6 33 4.65 13.80 32.06
p21 (R2)| 10 18 22.82 3.77 43.00
p31 (R3)| 8 22 63.52 1.11 35.36
TABLE Il

CIRCUIT MODEL ELEMENTS

1) Whole-body SAR from theoretical formulaquations (16) and
(23) can be used to compute the diffuse power density in tbero

R1 and its adjacent rooms (R2 and R3), respectively and th® LO

component power density is determined with (24). Assumimat t
the person mass is about 70 kg, the theoretical SAR a person
is determined and the results are shown in Table Ill. As eguec

Person distance | p Iz, SAR,
(m) (MmW/n?) (mMW/m?) (uWI/kg)
pll (R1) | 3 1.40102% | 6.60 102 | 0.235
p12 (R1) | 6 1.03102 [ 1.65102 | 9.27 10?2
p21 (R2) | 10 1.18 103 | 491103 | 1.82 1072
p31 (R3) | 8 1.70 102 | 7.34 10 | 2.685 102
TABLE I

THEORETICAL WHOLE-BODY SAR FOR THE SCENARIO OFFIG. 5

the higher SAR,;, occurs in the person;p because of its vicinity
to the transmitter. The lowest SAR is induced in persony since

R,=1858Q

E, =420V

A=1ns C,,=345nF — Ut

)

Fig. 6. Circuit model of person pll. The source has been turmfadr 1 ns. A
transient simulation was used to see the voltage decay ov@m&Qwvith a step of
0.1 ns.

time dependent and frequency independent, a transientiaiomu
is therefore used for each case. The schematic is the sanzyor
other person of Fig. 5, unless the parameter R, C and E aracexpl
with the appropriate ones, whose values are in Tables Il &d |
The result of the simulation in Fig. 6 is the voltage discleairy the
capacitance, as shown in Fig. 7. The separation Tx-persameter

0.07

0.06

0.05

0.04]

0.03

0.02

Voltage over the capacity C11 (Volt)

20 80 100 120 140
m the transmitter (meter)

160 180

40 60
Separation fro

Fig. 7. Capacity voltage for person p11

is given on the X-axis and the capacity voltage in \Volt on the Y
axis. A marker on the plot shows the person pll location aed tl
voltage over the related capacity. It can be checked thawahee

of Uy in Table Il corresponds to the peak value in the voltage plc
of the Fig. 7. Knowing the capacity voltage at a certain titence

at a certain distance), (29) enables the determinationeoShR,,;
absorbed by a person in the room. The simulated results nmstef
the SAR,, are shown in Table IV, and agree excellently with those
of Table Ill. Recall the mass and the ACSof each person are

he is the furthest from the Tx antenna. The most relevant mem&0 kg and 0.35 r respectively. The relative erraASAR) is defined



as the difference between the theoretical and the simuledkees
in percentage of the theoretical value. Its values are disws in
Table IV. It is worthy to mention that the simulation part dogot
aim to validate the theory, it rather shows a method to impglem
the theory in real scenarios.

The present circuit model theoiy is based on the room electro-
magnetics theory which has already been validated through- m
surements in [4] andi) the room electromagnetics based SAR
assessment has already been validated through measuseameht
numerical simulations in [21]. The presented circuit matielory is
based on these previous validations.

Person | distance IID’UWB IIL=UWB

D,WLAN L,WLAN

(m)
pll 3 0.0549 0.0747
(R1)
pl2 6 0.0404 0.0747
(R1)
p21 10 0.0347 0.0770
(R2)
p31 8 0.0354 0.0740
(R3)
TABLE VI

Person | distance E SAR ASAR
do in (m) | (V) (uWikg) (%)
pll (R1)| 3 4.20 0.234 0.42
pl2 (R1)| 6 2.10 9.20 102 0.75
p21 (R2)| 10 1.54 1.80 10°? 1.1
p31 (R3)| 8 1.54 2.67 102 0.56
TABLE IV

WHOLE-BODY SAR FROM SIMULATION FOR THE SCENARIO OFFIG. 5

D. Application to 802.11 systems

UWB AND WLAN SYSTEMS POWER DENSITIES RATIO FOR BOTHOS
COMPONENT ANDDMC

powers ratio of 0.074. This points out that for the same tratted
power the exposure to the DMC in an UWB system will be lowe
than the exposure to the DMC in a WLAN system. Moreover
the equations (15) and (27) confirm that the DMC exposure fc
UWB systems isalways lower than the DMC exposure for the
WLAN exposure (for the same transmitted power), regardlés$iseo
separation from the Tx. This can also be intuitively expdaiy the
fact that the diffuse energy density evolution never reachsteady

Consider an IEEE 802.11 g system operating at 2.4 GHz in tdi@te in the UWB systems - due to the small duration of the pulse

same indoor environment shown in Fig. 5. The charactesistic

unlike the WLAN systems.

the system are retrieved from [15] and are the following: EEIRFOr the SAR,, at the considered frequency, the basic restric

(Effective Isotropically Radiated Power) of 100 mW, and ative
duration of the transmitted pulse of 208 (A). The exposure of the
persons for such system are listed in Table V. Equations (23),
and (24) have been used to computg Ip , and I, respectively.
It is noticed that the SAR, for the WLAN system (Table V) is

tion is SAR,;,=0.08 W/kg for the general public exposure anc
SAR,;,=0.4 W/kg for the occupational exposure [11]. All the values
obtained in this paper are below these basic restrictionegalNote
that the comparison with the basic restrictions values it the
purpose of this paper, it rather aims to determine via antrtat
circuit model the actual absorption levels in a realisticiemment.

Person | distance T or 7, Ip or | I SAR,p
1D E. Sensitivity of the model to the input parameters
(m) (ns) (MW/n?) | (mW/n?) | (uW/kg) One could ask whether the computed SARoverestimates or
p1l(R1)| 3 32.06 0.255 0.834 3.485 underestimates the actual exposure. Here we determinénwhite
p12(R1)| 6 32.06 0.255 0.221 1.80 input parameters are more or less sensitive regarding the,SA
p21 (R2)| 10 43.00 0.034 0.0637 | 0.33 estimation. The separation of an exposed person from thelghxg
p31 (R3)| 8 35.36 0.048 0.0995 | 0.49 easily obtained with accuracy. The total absorbing areshé room
TABLE V volume V, and the fraction of the energy being absorbed byviies

ExPOSURE TOIEEE 802.11G SYSTEM n are more difficult to obtain, and can therefore be determinital
some errors affecting thereby the estimated value of the SARor
all the input parameters (V in‘A in m2, n), a variation of+ 10 %
higher than the absorption rate for the UWB system (Table Iy 3ssumed. The impact of these variations on the estimai&d,S
One may think that this is due to the higher transmitted power is then investigated. Because there are very low deviatietiseen
the WLAN sys_tem case; this is correct if an abgolute comparisghe theoretical and the simulated SARvalues, the SAR, values
of the values is made. However, let's do a relative comparisb i, this part are determined with the theoretical formulasilsirly to
the different powers involved in the absorption. The r_atfothm the Section IV-C1. The SAR, values are re-calculated (jiW/Kg)
LOS power densities for both systen;%% and the ratio of the fo, the persons A and p in the room R1 of Fig. 5A,,;; is the
diffuse power densities for both systerd$~“*5- for the different relative deviation in % between the re-calculated valuethadactual

D ,WLAN
persons are now computed using the values of Tables Ill arah¥, value of the SAR,, for the person p.
are listed in Table VI. On one hand, the LOS component pow&able VII shows the variation of the SAR values when the input
densities ratio between the UWB and WLAN systems lead toparameters have a variation &f 10 % from their actual values. It
constant value for all the investigated scenarios, i.€74).which is turns out that the room volume variation does not affect miieh
also the ratio between the transmitted powers of the UWB (W) SAR,,; values, the maximum variation being of the order08.7 %.
and the WLAN (100 mW) systems. The induced SARR due to An overestimation (resp. underestimation) of the room n@uleads
the LOS component is therefore the same for both systems@sgu to an overestimation (resp. underestimation) of the $ARlue. The
the same transmitted power. On the other hand, the DMC povimipact of the area variation on the SARis much more important
densities ratios between UWB and WLAN systems vary, and for #flan the volume variation impact since the SARvariation may
the investigated scenarios the ratios are lower than thesriidted reach += 9 %. An overestimation (resp. underestimation) of the



input T Ippi1 | Ippiz | SARPLL SARPMZ| Auiy | Apie
parameters (ns) (uWim2) | (uWim2) | (uWikg) (wWikg) (%) (%)
(v+10%) | 330n?| 35.27 14.4 | 10.9 | 0.24 | 0.096| 0.8 | 3.3
(v-10%) | 270n?| 28.86 13.6 | 9.6 0.23 | 0.089| -0.8 | -3.7
(A+10%) | 308n?| 29.15 12.4 | 8.8 0.23 | 0.085| -3.4 | -8.0
(A-10%) | 252n?| 35.63 16.1 | 12.1 | 0.245| 0.101| 4.5 | 9.8
(n+10%) | 0.49 | 29.15 12.4 | 8.8 0.23 | 0.085| -3.4 | -8.0
(n-10%) | 040 | 35.63 16.1 | 12.1 | 0.245| 0.101| 45 | 9.8
TABLE VII

IMPACT OF THE INPUT PARAMETERS VARIATION ON THE ACTUALSAR,,;, VALUE

[4] J. Bach Andersen, XJ. Nielsen, G. F. Pedersen, G. Bauch, and M. Herdin.

(5]

(6]

(71

(8]
[9]

absorbing area or ofy leads to an underestimation (resp. overes-
timation) of the SAR,, value. The electromagnetic radiations arB?!

absorbed by the surface areas, an underestimation of thefsees
means that the electromagnetic radiation will last longehe room,
and the absorption of an exposed person in terms of SARill

therefore be more important. Similarly, the influencersobn the

=
=

SAR,; is intuitive. An overestimation of; means that the waves[12]

are reflected or scattered with less power, the absorptiten oh

an exposed person to these waves will therefore be lower tthean

actual value. It is noteworthy to mention that the impacthaf input
parameters variation depends on the person location as well
Given that the surface of the possible objects in the roorlgsa
desk, computers, etc...) have not been accounted in ouroohetie
resulting area is the minimum absorbing area. The $ARalue
obtained with the present circuit model is therefore theenpjmit
of the absorption in terms of SAR.

V. CONCLUSIONS

[13

[14

[15

[16

]
]

]

]

A new electrical circuit model for the human exposure and7]

whole-body absorption rate prediction in the indoor envinents is
proposed. Basically, the method translates the room eleeignetics
theory into a electrical circuit, which may be embedded ircugt

components. The method accounts for the diffuse multipath-c

ponent and for the Line-Of-Sight component as well, hentmwal
the forecast of the whole-body specific absorption rate iaaistic
complex environment. Moreover, a simpler method to deteentie
reverberation time in a realistic environment without theed of

[18

[19

[20

]

]

]

carrying out any measurements or simulations is preserfibd. [21]
theory also applies to the adjacent rooms case and an appiica

of the circuit model in a realistic office environment is showWhe
strength of the method lies in its simplicity, because it dowt
require any simulation of the entire room in a software. Theoty
is applied to an Ultra Wide Band system and to a Wireless LAoah
Network system. The lowest absorption rate obtained forliliéB

systems is due to the DMC part, whose energy density evalutio

can not reach the steady state, unlike to the WLAN systemsiré&ut

research will consist of the extension of the theory to sEvesupled
rooms.
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